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The influence of substrate steps on the bottom-up synthesis of atomically precise 
graphene nanoribbons (GNRs) on an Au(111) surface is investigated. A straight surface 
step is found to promote the assembly of long and compact arrays of polymers with 
enhanced interchain π−π stacking interaction, which creates a steric hindrance effect on 
cyclodehydrogenation to suppress the H passivation of polymer ends. The modified 
two-stage growth process results in periodic arrays of GNRs with doubled average 
length near step edges. 
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On-surface synthesis of atomically precise graphene nanoribbons (GNRs) from 
rationally designed molecular precursors has attracted great attention.1-7 In addition to the 
precise control of GNR widths and thus their electronic properties, long GNRs and periodic 
GNR arrays are the two long sought-after targets of GNR synthesis. First, long lengths are 
needed for fabrication of GNR devices and nanocircuits, although short-channel (20-nm) 
GNR field-effect transistors have been explored.8 Second, well-aligned GNR arrays are 
desirable not only for device fabrication but also for optical and optoelectronic functionalities, 
such as polarized photoluminescence.9-11 At elevated temperature, well-aligned GNR arrays 
can be further fused together into 2D graphene with ordered porous structures through lateral 
conjugations.12 Significant progress has been made in addressing these goals. It was proposed 
that hydrogen passivation of polymer ends is a limiting factor for growing long GNRs 
because it can prevent further polymer growth.13 Indeed, an effort to reduce the passivation 
effect by enlarging temperature separation between the polymerization and 
cyclodehydrogenation processes has led to longer ribbons.14 Recently, GNR superlattice 
arrays with long ribbon lengths have been observed on Au(111) surface, which was attributed 
to the uniaxial anisotropy of the zigzag-patterned (22×√3) herringbone reconstruction.15 
Aligned GNR arrays were also achieved by using the heavily-stepped vicinal Au(788) 
surface16, 17 or reconstructed channels on the Au(110) as a template.18 However, mechanistic 
understandings are still lacking on how the Au steps direct the formation of aligned GNR 
arrays and enhance the growth of long GNRs, and it remains unclear whether the Au step can 
help grow longer ribbons or form periodic arrays on a normal Au(111) surface. Here we 
address these questions and show that an enhanced π−π stacking at the Au(111) monoatomic 
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step directs the assembly of polymers, and a steric hindrance at the step suppresses hydrogen 
passivation leading to periodic arrays of GNRs with significantly increased lengths. 
 We used 10,10’-dibromo-9,9’-bianthracene (DBBA) molecules to grow the 
seven-carbon-wide armchair GNRs (7-aGNRs), as illustrated in Fig. 1a (see ESI for 
experimental details), by following previous reports.1, 19-21 Figure 1b shows a large-area STM 
image of 7-aGNRs after 470 and 670 K annealing. Four Au terraces with three nearly parallel 
monoatomic steps (marked as Steps 1 to 3) can be seen. Interestingly, near the straight step 
edges (marked with dashed white lines) the 7-aGNRs form quasi-periodic arrays, while those 
around the curved edges (marked with dashed black lines) are more randomly oriented. 
Periodic GNR arrays are particularly dominant on the two narrow terraces confined by three 
straight steps, which have widths of about 15 and 20 nm, respectively. These results indicate 
that a step edge can indeed direct the assembly of GNR periodic arrays. We find that the 
spatial separation between individual GNRs in the array varies due to repulsive interaction 
between the ribbon edges. As resolved in the atomic STM image of Fig. 1c, an average 
periodicity of about 1.7 nm is obtained, which can change between 1.5 and 2.1 nm. By 
controlling the coverage of the DBBA precursors during deposition, 7-aGNR arrays with 
different periodicities can be achieved, similarly to the previous report.15 Not only can GNRs 
grow in parallel to the Au straight steps, they can grow directly on the step edges as well. As 
shown in Fig. 1d, a tilted GNR sits directly on the step edge, with the same atomic structure 
and electronic structure as those GNRs seen on the flat terrace. 
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Fig. 1 (a) Scheme of the bottom-up synthesis of 7-aGNRs from DBBA monomers via 
two-step annealing at 470 and 670 K, respectively. (b) Large-area STM image of GNR arrays 
in parallel to Au straight steps (setpoint: −2 V, 30 pA). White and black dashed lines mark 
the straight and curved edges in Steps 1-3, respectively. Red dashed curves enclose randomly 
oriented GNRs near curved step edges. Inset: High-resolution STM image of a single 
7-aGNR superimposed with the structural model. (c) High-resolution STM image of the 
7-aGNR periodic array (−0.2 V, 100 pA). (d) High-resolution STM image showing a 
7-aGNR adsorbed on the upper edge of a step and two GNRs on the lower terrace (−1.0 V, 70 
pA), with the same period along the ribbon. (e) Length distributions of the 7-aGNRs as a 
function of the lateral distance to straight Au steps. For GNRs unparallel to the steps, the 
position of the GNR center is used to measure the distance. 
Besides the formation of periodic arrays, the GNRs near a straight step are generally 
longer when they are closer to the step, as shown along the white arrow line in Fig. 1b (see 
Fig. S1 for more examples). More precisely, we plot in Fig. 1e a statistical distribution of 
GNR lengths against the distance to nearby straight Au steps for over 200 GNRs, where the 
average length clearly increases as the distance to steps reduces. For example, the GNRs are 
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~27 nm long in regions within 15 nm from a step but are only ~13 nm long when being 45 
nm away from a step. Therefore, the GNR lengths are almost doubled due to the proximity to 
the step.  
In order to understand how the Au(111) steps facilitate the growth of periodic arrays of 
long GNRs, we examine individually the polymerization process and an intermediate 
process22, 23 in the growth of the 7-aGNRs, as illustrated in Fig. 2a. After the polymerization, 
the polymer arrays are preferably aligned along the monoatomic steps, as shown in Fig. 2b. 
Furthermore, the polymer chains right next to the step are much longer in lengths as 
compared to those away from the steps. A high-resolution STM image of a polymer array 
near a step edge is shown as the inset of Fig. 2b. The separations between the polymer chains 
vary in the same array, which is smaller (8.8 Å) for chains closer to the Au step edge than for 
ordinary chains (10.8 Å) farther away from the step. The compact assembly of the polymers 
enhances the π−π stacking interaction between the polymers, which would significantly 
affect the reaction kinetics in the subsequent cyclodehydrogenation process. 
 
Fig. 2 (a) Scheme of the temperature-dependent synthesis of the 7-aGNRs from DBBA 
monomers via an intermediate state. (b) Large-area STM image showing polymer arrays after 
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470 K annealing (−2 V, 10 pA). Note the Au step is {100}-type, according to the direction of 
the herringbone structures. Inset: High-resolution image of the box area in (b) (−2 V, 10 pA), 
where the white arrows mark four polymer chains. (c) Large-area STM image showing 
partially converted 7-aGNRs on the Au terraces and polymer arrays at the steps after 570 K 
annealing (−2 V, 40 pA). Inset: High-resolution image of the partially converted 7-aGNR 
with an intermediate (Int.) segment (−2 V, 40 pA). 
The sample is then annealed at 570 K, lower than the normal graphitization temperature 
of 670 K. This treatment is known to generate an intermediate structure, which is a partially 
converted GNR with one side of the polyanthrylene converted to the GNR structure while the 
other side remains in the polymeric structure.22-24 However, as shown in Fig. 2c, partially 
converted GNRs only occur at regions away from the steps, while the polymer arrays largely 
remain at the steps on the lower terrace side with a compact assembly. Therefore, the 
step-induced compact assembly is seen to suppress the cyclodehydrogenation, i.e., the 
temperature threshold of the polymer-to-GNR reaction is higher for a polymer at the step. 
This result seems to contradict the common belief that the Au step edges are usually active 
catalytic sites.25, 26 
The compact polymer assembly is a key to understanding the observed 
suppression of cyclodehydrogenation at the step edge. We now focus on the 
high-resolution image of the polymer arrays shown in Fig. 3a. First, the atomic 
structures of two individual polymers comparably adsorbed on the step and the terrace 
are shown in Fig. 3b. Both display the same characteristic period of about 8.6 Å along 
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the polymer, which is double of the 7-aGNR unit. On the other hand, the polymer 
chain adsorbed on the step edge is asymmetric across the width, while the one on the 
terrace is symmetric. The special adsorption configuration of the polymer on the step 
is well captured in the simulated STM image based on a structural model (Fig. 3c). 
The results indicate that a height difference for the two out-of-plane benzyne groups 
(C6H4) is responsible for the asymmetric features of the polymer on the step edge, 
which with graphitization will be converted to a tilted GNR on the step edge as seen in 
Fig. 1d. Second, an array of four polymer chains is shown in Fig. 3d as assembled on 
the lower terrace beside a step, and compared with another array assembled away from 
any steps (Fig. 3e). A separation distance is measured to be ca. 9.1 Å for polymers 
assembled near the step versus 11.2 Å for those assembled on the terrace. In the array 
beside the step, an even smaller (~8.1 Å) separation is seen between the polymers 
immediately adjacent to the step. These observed features can be well reproduced in 
the simulation results by using configuration models shown in Fig. 3f and 3g, 
respectively, for polymers assembled at the step and on the terrace.  
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Fig. 3 (a) STM image acquired in the same region as Fig. 2c with polymer arrays at 
the steps (−2 V, 40 pA). (b) Close-up STM image from the square box region in (a) 
(−2 V, 40 pA). (c) Simulated STM image of a single polymer adsorbed at the Au step. 
(d) Close-up STM image from the rectangle box region in (a) (−2 V, 40 pA). (e) 
Close-up STM image of a polymer array on the Au terrace formed after 470 K 
annealing (−2 V, 100 pA). (f) Simulated STM image of two polymer chains assembled 
at the Au step and on the lower terrace, respectively. (g) Simulated STM image of two 
polymers assembled on the Au terrace. Insets of (c), (f) and (g): Corresponding 
side-view structural models used for simulating the STM images. (h) Calculated 
adsorption energies Eads of polymer pairs assembled on the Au terrace or at the step, 
with the corresponding side-view structural models as insets. The π−π stacking 
distances in CF2-1 and CF2-4 are labeled and marked with double-arrowed lines. 
We now calculate the adsorption energies Eads for pairs of polymers in different 
adsorption configurations as shown in Fig. 3h. The adsorption energies for polymer 
pairs assembled on the Au terrace (CF2-1), beside the step (CF2-2), and with one 
chain directly on the step and the other on the upper (CF2-3) or lower terrace (CF2-4), 
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are −2.10, −2.21, −2.18, and − 2.40 eV, respectively. In comparison, the calculated 
adsorption energies Eads are around −1.00 eV for single polymers on the surface, and a 
π−π interaction energy of −0.37 eV is found for two neighboring polymer chains in 
vacuum. Clearly, these polymers prefer to assembly into arrays rather than being 
“isolated” single polymers, and the π−π stacking interaction in the polymer assemblies 
enhances the adsorption energies. The enhancement of π−π stacking interaction for the 
CF2-4 is the strongest as the neighboring benzyne groups are closest (4.0 Å) across the 
two polymers. Therefore, the CF2-4 is the most energetically preferable configuration 
when polymers assemble on the Au surface, giving rise to polymer arrays along the 
lower terrace. Interestingly, the different strengths of π−π interactions are reflected in 
the change of dihedral angles between neighboring anthracene units in the polymer 
pairs (see Fig. S2 and discussions in the ESI).  
On the basis of all presented results, we are ready to comment on the effect of Au 
steps on GNR growth. During the polymerization process, polymer segments can 
easily move to assemble along the steps and form arrays. This compact configuration 
can spread several chains away from the step, and then transform to the ordinary 
assembly configuration, as observed in Fig. 2b. Previous reports have demonstrated 
that the initial step of the neighboring anthrylene units rotating and forming a single 
C-C bond is the rate-limiting step in the cyclodehydrogenation.22, 27 The compact 
assembly of polymers enhances steric hindrance, which will significantly increase the 
energy barrier and result in a higher temperature threshold for the polymer-to-GNR 
reactions. For the single polymer chains adsorbed right on the step edge, the 
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cyclodehydrogenation is also suppressed (Fig. 3b), which can be attributed to a 
different mechanism of the enhanced polymer-substrate interaction that stabilizes the 
cyclodehydrogenation starting point. The dispersive forces effect is known to be 
critical with lower coordination, such as the Au step.28  
It was previously suggested that a larger temperature separation between the 
polymerization and the cyclodehydrogenation can result in longer polymers, and thus 
longer GNRs.14 If the temperature difference is small, the cyclodehydrogenation might 
already happen during the polymerization annealing, and the generated excess 
hydrogen can passivate the radical ends of the polymers and thereby halt the growth of 
longer polymers.13 Since the applied polymerization temperature is much higher than 
the recombinative desorption temperature (111 K) of adsorbed H atoms from Au(111) 
surface,29 the adsorbed H atoms will either recombine as H2 and desorb from the 
substrate surface or passivate the very nearby polymers on the terrace. We have 
showed that the polymers at the steps are indeed longer overall than those on the 
terraces, which gives rise to long GNR arrays after further annealing. Note, we find 
that a relatively low deposition rate is needed to harness the step edge-mediated effect 
for growing periodic and long GNR arrays (Fig. S3). Moreover, if the coverage of 
GNRs is too low (less than 0.4 monolayer), the weak repulsive interactions between 
the GNRs will either lead to a random arrangement (as seen in Fig. 2c) or be 
overwhelmed by the template effect of the uniaxially anisotropic zigzag pattern of the 
herringbone structures,15 which can also give rise to a uniform separation (Fig. S4). 
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In summary, we investigate the role of the Au steps in the bottom-up synthesis of 
atomically precise GNRs. The monoatomic steps on Au(111) are found to direct the 
assembly of polymers and to increase the threshold of the cyclodehydrogenation 
temperature due to an enhanced π−π stacking, resulting in GNR periodic arrays with 
long ribbon lengths. Our findings uncover a route to make periodic and long GNR 
arrays on a normal Au(111) surface. As monoatomic steps are ubiquitous on metal 
surfaces, the mechanisms revealed here should also offer insights into GNR synthesis 
on other metal surfaces. 
A portion of this research was conducted at the Center for Nanophase Materials 
Sciences (CNMS), which is a DOE Office of Science User Facility. This research was 
funded by grants ONR N00014-16-1-3213 and N00014-16-1-3153. The development 
of the RMG code was funded by NSF grant OAC-1740309. Supercomputer time was 
provided by NSF grant ACI-1615114 at the National Center for Supercomputing 
Applications (NSF OCI-0725070 and ACI-1238993). 
 
Conflicts of interest 
There are no conflicts to declare. 
 
Notes and references: 
1. Cai, J.; Ruffieux, P.; Jaafar, R.; Bieri, M.; Braun, T.; Blankenburg, S.; Muoth, M.; 
Seitsonen, A. P.; Saleh, M.; Feng, X.; Müllen, K.; Fasel, R. Atomically precise bottom-up 
fabrication of graphene nanoribbons. Nature 2010, 466, 470-473. 
2. Chen, Y.-C.; de Oteyza, D. G.; Pedramrazi, Z.; Chen, C.; Fischer, F. R.; Crommie, M. F. 
12 
 
Tuning the Band Gap of Graphene Nanoribbons Synthesized from Molecular Precursors. 
ACS Nano 2013, 7, 6123-6128. 
3. Kimouche, A.; Ervasti, M. M.; Drost, R.; Halonen, S.; Harju, A.; Joensuu, P. M.; Sainio, 
J.; Liljeroth, P. Ultra-narrow metallic armchair graphene nanoribbons. Nat. Commun. 2015, 6, 
10177. 
4. Talirz, L.; Söde, H.; Dumslaff, T.; Wang, S.; Sanchez-Valencia, J. R.; Liu, J.; Shinde, P.; 
Pignedoli, C. A.; Liang, L.; Meunier, V.; Plumb, N. C.; Shi, M.; Feng, X.; Narita, A.; Müllen, 
K.; Fasel, R.; Ruffieux, P. On-Surface Synthesis and Characterization of 9-Atom Wide 
Armchair Graphene Nanoribbons. ACS Nano 2017, 11, 1380–1388. 
5. Ruffieux, P.; Wang, S.; Yang, B.; Sanchez, C.; Liu, J.; Dienel, T.; Talirz, L.; Shinde, P.; 
Pignedoli, C. A.; Passerone, D.; Dumslaff, T.; Feng, X.; Müllen, K.; Fasel, R. On-surface 
synthesis of graphene nanoribbons with zigzag edge topology. Nature 2016, 531, 489-492. 
6. Nguyen, G. D.; Tsai, H.-Z.; Omrani, A. A.; Marangoni, T.; Wu, M.; Rizzo, D. J.; Rodgers, 
G. F.; Cloke, R. R.; Durr, R. A.; Sakai, Y.; Liou, F.; Aikawa, A. S.; Chelikowsky, J. R.; Louie, 
S. G.; Fischer, F. R.; Crommie, M. F. Atomically precise graphene nanoribbon heterojunctions 
from a single molecular precursor. Nat. Nanotechnol. 2017, 12, 1077. 
7. Clair, S.; de Oteyza, D. G. Controlling a Chemical Coupling Reaction on a Surface: Tools 
and Strategies for On-Surface Synthesis. Chem. Rev. 2019, 119, 4717-4776. 
8. Llinas, J. P.; Fairbrother, A.; Borin Barin, G.; Shi, W.; Lee, K.; Wu, S.; Yong Choi, B.; 
Braganza, R.; Lear, J.; Kau, N.; Choi, W.; Chen, C.; Pedramrazi, Z.; Dumslaff, T.; Narita, A.; 
Feng, X.; Müllen, K.; Fischer, F.; Zettl, A.; Ruffieux, P.; Yablonovitch, E.; Crommie, M.; 
Fasel, R.; Bokor, J. Short-channel field-effect transistors with 9-atom and 13-atom wide 
graphene nanoribbons. Nat. Commun. 2017, 8, 633. 
9. Markus, P.; Boris, V. S.; Danny, H.; Felix, R. F.; Fan, Y.; Klaus, M.; Yoichi, A.; 
Alexander, G.; Klas, L. Enhanced light–matter interaction of aligned armchair graphene 
nanoribbons using arrays of plasmonic nanoantennas. 2D Materials 2018, 5, 045006. 
10. Senkovskiy, B. V.; Pfeiffer, M.; Alavi, S. K.; Bliesener, A.; Zhu, J.; Michel, S.; Fedorov, 
A. V.; German, R.; Hertel, D.; Haberer, D.; Petaccia, L.; Fischer, F. R.; Meerholz, K.; van 
Loosdrecht, P. H. M.; Lindfors, K.; Grüneis, A. Making Graphene Nanoribbons 
13 
 
Photoluminescent. Nano Lett. 2017, 17, 4029-4037. 
11. Pfeiffer, M.; Senkovskiy, B. V.; Haberer, D.; Fischer, F. R.; Yang, F.; Meerholz, K.; Ando, 
Y.; Gruneis, A.; Lindfors, K. Observation of Room-Temperature Photoluminescence Blinking 
in Armchair-Edge Graphene Nanoribbons. Nano Lett. 2018, 18, 7038-7044. 
12. Moreno, C.; Vilas-Varela, M.; Kretz, B.; Garcia-Lekue, A.; Costache, M. V.; Paradinas, 
M.; Panighel, M.; Ceballos, G.; Valenzuela, S. O.; Peña, D.; Mugarza, A. Bottom-up synthesis 
of multifunctional nanoporous graphene. Science 2018, 360, 199-203. 
13. Talirz, L.; Söde, H.; Cai, J.; Ruffieux, P.; Blankenburg, S.; Jafaar, R.; Berger, R.; Feng, 
X.; Müllen, K.; Passerone, D.; Fasel, R.; Pignedoli, C. A. Termini of Bottom-Up Fabricated 
Graphene Nanoribbons. J. Am. Chem. Soc. 2013, 135, 2060-2063. 
14. Di Giovannantonio, M.; Deniz, O.; Urgel, J. I.; Widmer, R.; Dienel, T.; Stolz, S.; 
Sanchez-Sanchez, C.; Muntwiler, M.; Dumslaff, T.; Berger, R.; Narita, A.; Feng, X.; Mullen, 
K.; Ruffieux, P.; Fasel, R. On-Surface Growth Dynamics of Graphene Nanoribbons: The Role 
of Halogen Functionalization. ACS Nano 2018, 12, 74-81. 
15. Moreno, C.; Paradinas, M.; Vilas-Varela, M.; Panighel, M.; Ceballos, G.; Peña, D.; 
Mugarza, A. On-surface synthesis of superlattice arrays of ultra-long graphene nanoribbons. 
Chem. Commun. 2018, 54, 9402-9405. 
16. Ruffieux, P.; Cai, J.; Plumb, N. C.; Patthey, L.; Prezzi, D.; Ferretti, A.; Molinari, E.; Feng, 
X.; Müllen, K.; Pignedoli, C. A.; Fasel, R. Electronic Structure of Atomically Precise 
Graphene Nanoribbons. ACS Nano 2012, 6, 6930-6935. 
17. Linden, S.; Zhong, D.; Timmer, A.; Aghdassi, N.; Franke, J. H.; Zhang, H.; Feng, X.; 
Müllen, K.; Fuchs, H.; Chi, L.; Zacharias, H. Electronic Structure of Spatially Aligned 
Graphene Nanoribbons on Au(788). Phys. Rev. Lett. 2012, 108, 216801. 
18. Massimi, L.; Ourdjini, O.; Lafferentz, L.; Koch, M.; Grill, L.; Cavaliere, E.; Gavioli, L.; 
Cardoso, C.; Prezzi, D.; Molinari, E.; Ferretti, A.; Mariani, C.; Betti, M. G. Surface-Assisted 
Reactions toward Formation of Graphene Nanoribbons on Au(110) Surface. J. Phys. Chem. C 
2015, 119, 2427-2437. 
19. Ma, C.; Xiao, Z.; Zhang, H.; Liang, L.; Huang, J.; Lu, W.; Sumpter, B. G.; Hong, K.; 
Bernholc, J.; Li, A.-P. Controllable conversion of quasi-freestanding polymer chains to 
14 
 
graphene nanoribbons. Nat. Commun. 2017, 8, 14815. 
20. Ma, C.; Xiao, Z.; Puretzky, A. A.; Baddorf, A. P.; Lu, W.; Hong, K.; Bernholc, J.; Li, A.-P. 
Oxidization stability of atomically precise graphene nanoribbons. Phys. Rev. Materials 2018, 
2, 014006. 
21. Ma, C.; Liang, L.; Xiao, Z.; Puretzky, A. A.; Hong, K.; Lu, W.; Meunier, V.; Bernholc, J.; 
Li, A.-P. Seamless staircase electrical contact to semiconducting graphene nanoribbon. Nano 
Lett. 2017, 17, 6241–6247. 
22. Blankenburg, S.; Cai, J.; Ruffieux, P.; Jaafar, R.; Passerone, D.; Feng, X.; Müllen, K.; 
Fasel, R.; Pignedoli, C. A. Intraribbon heterojunction formation in ultranarrow graphene 
nanoribbons. ACS Nano 2012, 6, 2020-5. 
23. Ma, C.; Xiao, Z.; Huang, J.; Liang, L.; Lu, W.; Hong, K.; Sumpter, B. G.; Bernholc, J.; Li, 
A.-P. Direct writing of heterostructures in single atomically precise graphene nanoribbons. 
Phys. Rev. Materials 2019, 3, 016001. 
24. Xiao, Z.; Ma, C.; Huang, J.; Liang, L.; Lu, W.; Hong, K.; Sumpter, B. G.; Li, A. P.; 
Bernholc, J. Design of Atomically Precise Nanoscale Negative Differential Resistance 
Devices. Adv. Theory Simul. 2018, 2, 1800172. 
25. Back, S.; Yeom, M. S.; Jung, Y. Active Sites of Au and Ag Nanoparticle Catalysts for 
CO2 Electroreduction to CO. ACS Catal. 2015, 5, 5089-5096. 
26. Wang, H.; An, W. Promoting the oxygen reduction reaction with gold at step/edge sites of 
Ni@AuPt core–shell nanoparticles. Catal. Sci. Technol. 2017, 7, 596-606. 
27. Björk, J.; Stafstrom, S.; Hanke, F. Zipping up: cooperativity drives the synthesis of 
graphene nanoribbons. J. Am. Chem. Soc. 2011, 133, 14884-7. 
28. González, S.; Viñes, F.; García, J. F.; Erazo, Y.; Illas, F. A DF-vdW study of the CH4 
adsorption on different Ni surfaces. Surf. Sci. 2014, 625, 64-68. 
29. Pan, M.; Flaherty, D. W.; Mullins, C. B. Low-Temperature Hydrogenation of 
Acetaldehyde to Ethanol on H-Precovered Au(111). J. Phys. Chem. Lett. 2011, 2, 1363-1367. 
30. Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; 
Chiarotti, G. L.; Cococcioni, M.; Dabo, I.; Corso, A. D.; de Gironcoli, S.; Fabris, S.; Fratesi, 
G.; Gebauer, R.; Gerstmann, U.; Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-Samos, L.; 
15 
 
Marzari, N.; Mauri, F.; Mazzarello, R.; Paolini, S.; Pasquarello, A.; Paulatto, L.; Sbraccia, C.; 
Scandolo, S.; Sclauzero, G.; Seitsonen, A. P.; Smogunov, A.; Umari, P.; Wentzcovitch, R. M. 
QUANTUM ESPRESSO: a modular and open-source software project for quantum 
simulations of materials. J. Phys.: Condens. Matter. 2009, 21, 395502. 
31. Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue 
formalism. Phys. Rev. B 1990, 41, 7892-7895. 
32. Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for mixing exact exchange with density 
functional approximations. J. Chem. Phys. 1996, 105, 9982-9985. 
33. Vega, L.; Ruvireta, J.; Viñes, F.; Illas, F. Jacob’s Ladder as Sketched by Escher: 
Assessing the Performance of Broadly Used Density Functionals on Transition Metal Surface 
Properties. J. Chem. Theory Comput. 2018, 14, 395-403. 
34. Thonhauser, T.; Cooper, V. R.; Li, S.; Puzder, A.; Hyldgaard, P.; Langreth, D. C. Van der 
Waals density functional: Self-consistent potential and the nature of the van der Waals bond. 
Phys. Rev. B 2007, 76, 125112. 
35. Xiao, Z.; Ma, C.; Lu, W.; Huang, J.; Liang, L.; Hong, K.; Li, A.-P.; Sumpter, B. G.; 
Bernholc, J. Ab initio investigation of the cyclodehydrogenation process for polyanthrylene 
transformation to graphene nanoribbons. npj Comput. Mater. 2019. 
36. Muñoz-Galán, H.; Viñes, F.; Gebhardt, J.; Görling, A.; Illas, F. The contact of graphene 
with Ni(111) surface: description by modern dispersive forces approaches. Theor. Chem. Acc. 
2016, 135, 165. 
37. Tersoff, J.; Hamann, D. R. Theory of the scanning tunneling microscope. Phys. Rev. B 
1985, 31, 805-813. 
38. Rousset, S.; Repain, V.; Baudot, G.; Garreau, Y.; Lecoeur, J. Self-ordering of Au(111) 
vicinal surfaces and application to nanostructure organized growth. J. Phys.: Condens. Matter. 
2003, 15, S3363-S3392. 
 
 
16 
 
 
For TOC only. 
17 
 
Supporting Information 
Step edge-mediated assembly of periodic arrays of long graphene 
nanoribbons on Au(111) 
Chuanxu Ma, Zhongcan Xiao, Wenchang Lu, Jingsong Huang, Kunlun Hong, Jerzy Bernholc, 
An-Ping Li 
 
 
Experimental details: 
The Au(111) single crystal was cleaned by repeated cycles of Ar+ sputtering and annealing at 
740 K. DBBA molecules with a purity of 98.7% were degassed and then evaporated onto the 
Au substrate at a temperature of 470 K with one monolayer coverage. At a constant 
source-substrate distance and background pressure (about 2×10-10 torr), the source cell 
temperature was varied with deposition pressures of 6×10-9 and 2×10-8 torr to achieve low 
and high deposition rates, respectively. The sample was subsequently annealed at 470 K for 
10 min and 670 K for 20 min, respectively, for polymerization and cyclodehydrogenation to 
form the 7-aGNRs. To grow the intermediate state, a lower graphitization temperature of 570 
K was employed, similarly to previous reports.22-24 The as-grown GNR sample was 
subsequently transferred from the growth chamber to the STM chamber under ultrahigh 
vacuum (UHV). The STM characterizations were performed with a home-made variable 
temperature system at 105 K with a clean commercial PtIr tip. All STM images were acquired 
in a constant-current mode. The bias voltage was applied to the sample bias with respect to 
the tip. 
 
 
DFT calculation details:   
The atomic structures and electronic properties of polymer assemblies on Au substrate were 
calculated with density functional theory (DFT). The calculations were performed with 
Quantum Espresso package,30 using ultrasoft pseudopotentials31 and 
Perdew-Burke-Ernzerhof exchange-correlation functional,32 which has a good performance in 
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modeling metal substrate.33 A non-local vdw-df functional34 was used to achieve higher 
accuracy in the simulation of van der Waals interaction between polymer and Au,35 which is 
shown to be a good choice to produce accurate adsorption energies for graphene on Au,36 
especially on substrate steps.28 The energy cutoffs were 30 Ry and 300 Ry for the 
wavefunctions and charge density, respectively. The atomic structures were relaxed until 
forces reached a threshold of 0.002 RyÅ-1. The iso-current STM images were simulated 
based on Tersoff’s method.37 The density isovalue is chosen to be 1e-5Bohr-3 to give a 
consistent result with the experiment. The polymers and Au substrate were periodic in the x 
direction with a lattice constant of 8.64 Å, constituting two anthracene units, or one monomer, 
for each polymer. A k-point mesh of 5×1×1 was used for the unit cell. The step was along x 
direction, the distance between periodic images of the step was >40 Å. Four layers of Au 
atoms were used to model the substrate, with bottom layer atoms fixed. At least 20 Å vacuum 
spacing was used along the direction perpendicular to the substrate to decouple the periodic 
image effect. The adsorption energy (Eads), calculated as difference of total energy and the 
sum of energies of two adjacent polymers in vacuum and the Au substrate, is tested for 
convergence against the energy cutoffs, k-point mesh and vacuum size. Note that the 
{100}-type step38 normal to (110) is used in our simulations, which is consistent with our 
images showing that the {100}-type step is dominant in forming polymers (for example, Fig. 
2). 
 
 
The relation between dihedral angle and π−π stacking: 
For single polymers, the dihedral angle between neighboring anthracene units remains nearly 
the same when they change from the adsorption on the terrace (Fig. S2a) to the adsorption on 
the step edge (Fig. S2b). For two assembled polymers both on the terrace (Fig. S2c), the 
dihedral angles for the two polymer chains are similar to those in the single polymers. The 
negligible change of dihedral angles is consistent with the large π−π stacking distance and the 
small π−π stacking interaction for the CF2-1 configuration. When they are assembled beside 
the step edge giving CF2-2 configuration (Fig. S2d), the dihedral angles are slightly reduced, 
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which reflects the mediation effect of the step edge. However, the difference of the two 
angles is small. The dihedral angles show larger differences within the two polymer chains 
for CF2-3 and CF2-4 configurations with one polymer on the step while the other on the 
terrace (Fig. S2e,f). The largest difference of dihedral angles is observed for the CF2-4 
configuration (Fig. S2f), which shows the shortest π−π stacking distance and the strongest 
π−π stacking interaction.  
 
 
The relation between dihedral angle and cyclodehydrogenation temperature: 
No direct relation is observed between dihedral angle and cyclodehydrogenation temperature. 
Taking single polymer chains as an example, single polymers respectively adsorbed on the 
terrace (Fig. S2a) and on the step edge (Fig. S2b) show similar dihedral angles. However, the 
cyclodehydrogenation temperatures are different, as indicated by the experimental results that 
the single polymers on the step edge showed an increased threshold of cyclodehydrogenation 
temperature (see Fig. 3b that shows intact single polymers on the step edge after 570 K 
annealing). This may be attributed to the strong polymer-substrate interaction when the 
polymers are adsorbed on the step. On the other hand, for assembled polymer arrays, one may 
expect a higher cyclodehydrogenation temperature for a larger dihedral angle and a lower 
temperature for a smaller dihedral angle, such as the two polymers adsorbed on the step and 
on the lower terrace in the CF2-4 configuration (Fig. S2f). Although the polymer on the lower 
terrace in CF2-4 shows a comparable dihedral angle to that in single polymers (Fig. S2a), an 
increased cyclodehydrogenation temperature is experimentally observed for both types of 
polymers in arrays next to step edges. This can only be explained by the enhanced 
π−π interaction and thus steric hindrance in the compact assembly configuration. 
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Fig. S1 (a) Large-area STM image showing well-aligned long GNRs near the straight Au step, 
while the GNRs become shorter and disordered at regions more than 45 nm away from the 
step (−2 V, 30 pA). (b) Large-area STM image showing well-aligned long GNRs on narrow 
terraces and regions close to Au steps, while those away from the steps are short and random 
(red dashed curves enclosed region) (−2 V, 30 pA). A long GNR with length of about 50 nm 
is marked near the Au step. A clear decrease of GNR length away from the Au step can be 
resolved along the black arrow. (a) and (b) are obtained with a precursor deposition pressure 
of 6×10-9 torr, the same as that for Figs. 1 and 2 in the main text. 
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Fig. S2 (a-b) Dihedral angles between anthracene units in the single polymer chains adsorbed 
on the terrace and on the step edge, respectively. (c-f) Dihedral angles between anthracene 
units in the configurations of two assembled polymer chains, the same as those in Fig. 3h in 
the main text. The angles between anthracene units related to the formation of C-C bonds in 
the polymers are marked in each panel. The π−π stacking distances in (c-f) are also shown. 
The top and bottom parts in each panel are the side and top views, respectively. 
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Fig. S3 (a) and (b) Two representative large-area STM images (both 80×40 nm2) of 7-aGNRs, 
grown with a high precursor deposition pressure at 2×10-8 torr (−3 V, 60 pA). Dashed white 
lines highlight the Au steps. (c) Length distribution and Gauss fit for the GNRs in (a) and (b). 
A mean GNR length of about 12 nm is obtained, which is much smaller than that for GNRs 
near the Au step (~27 nm), grown with a low precursor deposition pressure at 6×10-9 torr 
(Figs. 1, 2 and S1). A low precursor deposition pressure corresponds to a low deposition rate, 
which gives enough time for molecular precursors to diffuse to and polymerize at the Au step 
edges, without being blocked by other polymers on the terrace, to achieve well aligned long 
polymers. 
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Fig. S4 (a) and (b) Two representative large-area STM images of low-coverage 7-aGNRs. 
Setpoint in (a): −2 V, 100 pA; Setpoint in (b): −2 V, 20 pA. Both in (a) and (b), labels 1-4 are 
provided next to four GNRs growing in parallel and nearly equally separated along the 
zigzag-patterned (22×√3) herringbone reconstruction, which are similar to previously 
reported observations.15  
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